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In  alpine  species  the classiﬁcation  of  the  various  mechanisms  underlying  seed  dormancy  has  been  rather
questionable  and  controversial.  Thus,  we investigated  28  alpine  species  to evaluate  the  prevailing  types  of
dormancy.  Embryo  type  and water  impermeability  of seed  coats  gave  an  indication  of  the  potential  seed
dormancy  class.  To  ascertain  the  actual  dormancy  class  and  level,  we  performed  germination  experiments
comparing  the  behavior  of  seeds  without  storage,  after  cold-dry  storage,  after  cold-wet  storage,  and  scar-
iﬁcation.  We  also  tested  the  light  requirement  for germination  in some  species.  Germination  behavior
was characterized  using  the  ﬁnal  germination  percentage  and the  mean  germination  time. Considering
the  effects  of the  pretreatments,  a reﬁned  classiﬁcation  of  the  prevailing  dormancy  types  was  constructed
based  on the  results  of  our pretreatments.  Only  two  out of  the  28  species  that  we  evaluated  had  predomi-
nantly  non-dormant  seeds.  Physiological  dormancy  was  prevalent  in  20 species,  with  deep  physiological
dormancy  being  the  most  abundant,  followed  by  non-deep  and  intermediate  physiological  dormancy.
Seeds  of  four  species  with  underdeveloped  embryos  were  assigned  to  the  morphophysiologial  dormancy
class.  An impermeable  seed  coat  was  identiﬁed  in  two species,  with  no  additional  physiological  germi-
nation  block.  We  deﬁned  these  species  as having  physical  dormancy.  Light  promoted  the  germination
of  seeds  without  storage  in all but one  species  with  physiological  dormancy.  In  species  with  physical
dormancy,  light  responses  were  of minor  importance.  We  discuss  our new  classiﬁcation  in  the  context
diesof former  germination  stu
ntroduction
A dormant seed was deﬁned by Baskin and Baskin (2004a) as
one that does not have the capacity to germinate in a speciﬁed
eriod of time under any combination of normal physical environ-
ental factors (temperature, light/dark, and so forth)’ that would
therwise be favorable for the germination of non-dormant seeds
ND). Dormancy is an innate mechanism of seeds that is determined
Abbreviations: CDSfresh, cold-dry storage of seeds before incubation under long-
ay  conditions; CDSsc, scariﬁcation of seeds following cold-dry storage before
ncubation under long-day conditions; CWSfresh, cold-wet storage of seeds before
ncubation under long-day conditions; CWSsubs, cold-wet storage subsequent to a
ermination experiment before incubation under long-day conditions; FGP, ﬁnal
ermination percentage; FRESHdark, seeds without storage incubated in darkness;
RESHsc, scariﬁcation of seeds without storage before incubation under long-day
onditions; FRESHLD, seeds without storage incubated under long-day conditions;
A3, gibberellic acid; MD,  morphological dormancy; MGT, mean germination time;
PD, morphophysiological dormancy; ND, non-dormant; PD, physiological dor-
ancy; PY, physical dormancy; PY + PD, combinational dormancy of PY and PD.
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by both the morphological and physiological properties of the seed
(Finch-Savage and Leubner-Metzger, 2006), whereas the release of
dormancy is triggered by environmental stimuli (Baskin and Baskin,
1998; Benech-Arnold et al., 2000; Fenner and Thompson, 2005;
Finch-Savage and Leubner-Metzger, 2006; Vleeshouwers et al.,
1995).
The study of these commonly accepted phenomena led to
the comprehensive hierarchical system of seed dormancy clas-
siﬁcation proposed by Baskin and Baskin (1998, 2004a,b). It
distinguishes ﬁve classes: (1) physiological dormancy (PD), (2)
morphological dormancy (MD), (3) morphophysiological dor-
mancy (MPD), (4) physical dormancy (PY), and (5) a combinational
dormancy (PY + PD). Although endogenous and exogenous fac-
tors are responsible for the maintenance or release of dormancy
(Baskin and Baskin, 1998, 2004a; Benech-Arnold et al., 2000; Fenner
and Thompson, 2005; Finch-Savage and Leubner-Metzger, 2006;
Vleeshouwers et al., 1995), a feasible key for the determination of
dormancy status based on embryo morphology, the seed coat’s per-
meability to water, and the capacity of fresh seeds to germinate
within one month is available (Baskin and Baskin, 2004b).
Various physiological mechanisms, which may  be present in
Open access under CC BY-NC-ND license. the embryo itself and/or in surrounding structures, were reported
to inhibit radicle emergence, all of which are classiﬁed as PD
(reviewed in Finch-Savage and Leubner-Metzger, 2006). Three lev-
els of dormancy are distinguished within PD (Baskin and Baskin,
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998, 2004a,b): non-deep, intermediate, and deep dormancy. Tem-
erature is the main driving factor that releases or induces PD
Baskin and Baskin, 2004a; Vleeshouwers et al., 1995), although
ther environmental factors such as naturally occurring chemical
ignals may  have roles as well (Finch-Savage and Leubner-Metzger,
006). Therefore, exposing seeds to certain temperatures may  pro-
ide an indication of the type of dormancy exhibited by a species
Baskin and Baskin, 2004b). Seeds with non-deep PD are released
rom dormancy, often at a slow rate, when they are stored dry
t room temperature. This phenomenon is called ‘after-ripening’
Finch-Savage and Leubner-Metzger, 2006), and this transitional
tage was termed conditional dormancy by Baskin and Baskin
1998). Release from non-deep PD may  occur also during dry-
old storage (Wang et al., 2010). Seeds with intermediate PD often
equire two to three months of cold stratiﬁcation, i.e., storage under
emperatures below 10 ◦C in an imbibed stage, to overcome dor-
ancy, whereas seeds with a deep PD are released of dormancy
nly after longer periods of cold stratiﬁcation (Baskin and Baskin,
998, 2004b).  Dormancy induced by the underdevelopment of
mbryos (i.e., in MD  and MPD) requires a short period of favor-
ble conditions for the embryo to grow to a species-speciﬁc critical
ize (Baskin and Baskin, 1998, 2004b; Finch-Savage and Leubner-
etzger, 2006). In MPD, an additional physiological component is
nvolved (Baskin and Baskin, 1998). Seeds with PY or PY + PD remain
ormant until something disintegrates the covering layers, which
re otherwise impermeable to water (Baskin et al., 2000).
Whether light plays a role in the release of dormancy or
erely promotes germination has been the subject of some debate
Baskin and Baskin, 2004a; Benech-Arnold et al., 2000; Fenner and
hompson, 2005; Finch-Savage and Leubner-Metzger, 2006; Pons,
000; Vleeshouwers et al., 1995). Independent of the criteria used
o determine when dormancy ends and germination begins, light
ffects germination in many species in the ﬁeld (Pons, 2000). In the
nvestigations reported here we considered light as an environ-
ental cue that may  inﬂuence germination in non-dormant seeds
Baskin and Baskin, 2004a).
In alpine species, dormancy is a long recognized phenomenon.
s early as 1913, Braun had already reported that many species
id not germinate at all under laboratory conditions, even after
old stratiﬁcation. Other pioneer studies suggested that most alpine
pecies are non-dormant (Amen, 1966). Low germination success
f some alpine plants challenged botanists and growers of orna-
ental plants for decades (Favarger, 1953). In more recent reviews,
askin and Baskin (1998, 2004b) reported that >70% of arctic-alpine
pecies have dormant seeds, exhibiting mainly PD or, to a much
esser extent, PY. Despite some early comprehensive studies on
eed germination in alpine environments in the beginning of the
0th century (reviewed in Körner, 2003) and Amen’s early overview
n seed dormancy in alpine plants (1966), there is still a lack of
nowledge of the mechanisms that underlie dormancy in alpine
pecies (Baskin and Baskin, 1998).
The goal of this study was to reconsider the types of dormancy
xhibited by 28 species of alpine plants in light of the classiﬁca-
ion system proposed by Baskin and Baskin (1998, 2004a,b). We
rst considered embryo type and the water impermeability of seed
oats, to determine the potential classes of seed dormancy. Fur-
hermore, we applied several germination experiments comparing
he germination of freshly collected seeds with germination follow-
ng various pretreatments. Additionally, the light requirements for
he germination of some species were tested. Germination behavior
as characterized by ﬁnal germination percentage (FGP) and mean
ermination time (MGT). With the data generated by our germina-
ion experiments, we reﬁned the classiﬁcation of dormancy types.
ccording to Baskin and Baskin (1998),  several alpine species pre-
iously classiﬁed as exhibiting ND may  actually have PD. Based on
hat suggestion, we hypothesized that the majority of fresh seeds ofa 206 (2011) 845– 856
our investigated species are dormant, i.e., few mature seeds would
germinate readily within one month and without any pretreat-
ments. More speciﬁcally, we  asked which types of dormancy can be
found in the alpine species and what preconditions do they require
for overcoming dormancy. Furthermore, we hypothesized that light
promotes germination in alpine species, as they should be adapted
to the pronounced seasonal patterns of the light environment in
the mainly open vegetation types.
Materials and methods
Study site and species
Seeds were collected in the Rotmoos Valley (11◦02′E/46◦49′N), a
glacial valley in the central Alps of Austria. For a detailed description
of the vegetation, see Rafﬂ et al. (2006).  Seeds were collected at
altitudes ranging from 2250 to 3000 m.
We  investigated 28 alpine species, representing 14 families
(Table 1). The investigated species include some of the most abun-
dant species in glacier forelands, such as Anthyllis alpicola, Poa
alpina, Trifolium pallescens,  Saxifraga aizoides and S. oppositifolia
(Rafﬂ et al., 2006) and some species occurring frequently on the
adjacent slopes (Potentilla aurea, P. frigida,  Ranunculus glacialis).
Fully ripened seeds or fruits were collected in the late summer and
autumn from 2000 to 2010 (see Appendix A). For simplicity, the
term ‘seed’ is used to describe both seeds and fruits. Seeds were
collected from randomly chosen individuals (mostly >50 individ-
uals per species). They were mixed thoroughly to minimize the
effects of single individuals on germination. Immediately after col-
lection, the seeds were stored in a commercial refrigerator at 4 ◦C
until the start of the pretreatments or germination experiments
(Table 1).
Potential dormancy classes
Based on embryo morphology and the impermeability of the
seed coat to water (Baskin and Baskin, 2004b), we assigned each
species to one of the following potential seed dormancy classes
(including ND): species with a water-impermeable seed coat
(PY/PY + PD); species with a water-permeable seed coat and under-
developed embryos (MD/MPD); species with a water-permeable
seed coat and fully developed embryos (ND/PD). For the determi-
nation of the embryo type, we used the key provided by Baskin
and Baskin (2007).  Information on embryo and endosperm struc-
tures was available from studies by Martin (1946) and other authors
(Akhalkatsi and Wagner, 1997; Baskin and Baskin, 2005; Wagner
and Tengg, 1993; Wagner et al., 2010). For some species, we
inferred embryo type from a reference species, i.e., a related taxon,
as ‘their basic internal organization varies only slightly among
related species and genera’ (Martin, 1946). We  assumed a water-
impermeable seed coat for those species belonging to families for
which evidence of physical dormancy has been reported (Baskin
et al., 2000).
Preconditions
Germination experiments with different preconditions were
conducted over several years (Table 1). Germination of fresh seeds
without storage under long-day conditions was tested for all
investigated species (FRESHLD), whereas the germination without
storage in darkness (FRESHdark) was measured for only a subset
(Table 1). Seeds without storage were tested within one week of
seed collection.
To test the effects of cold storage, the samples were placed in
a commercial refrigerator at 4 ◦C. For cold-dry storage (CDSfresh),
fresh seeds were placed, respectively, either in dry paper bags for
E. Schwienbacher et al. / Flora 206 (2011) 845– 856 847
Table 1
Alpine species used in the germination experiments, their family afﬁliation, description of the dispersal units, and the germination experiments conducted for each species.
Seeds  without storage were tested under long-day conditions (FRESHLD) or in darkness (FRESHdark). Cold-wet storage was applied either on seeds after a short period (max.
10  weeks) of cold-dry storage (CWSfresh) or subsequent to a germination experiment on fresh seeds using any remaining viable seeds (CWSsubs). For cold-dry storage, fresh
seeds  were used (CDSfresh). The effect of scariﬁcation was tested on seeds without storage (FRESHSC) and following cold-dry storage (CDSsc). For details of collection year,
storage  period, starting time, and incubation period of germination experiments, number of replicates, and number of seeds per replicate see Appendix A.
Species Family Dispersal units Germination experiments
FRESHLD FRESHdark FRESHsc CWSfresh CWSsubs CDSfresh CDSsc
Achillea moschata Asteraceae Fruits (single-seeded achenes) X X – X – X –
Anthyllis vulneraria subsp.
alpicolaa
Fabaceae Fruits (mostly single-seeded
siliculae)b
X X X X – X X
Arabis caerulea Brassicaceae Winged seeds X – – – X X –
Arenaria ciliata Caryophyllaceae Seeds X – – – X – –
Artemisia genipi Asteraceae Fruits (single-seeded achenes) X X – X – X –
Campanula scheuchzeri Campanulaceae Seeds X – – – X –
Carex  bicolor Cyperaceae Fruits (single-seeded nutlets
with utriculus)
X – – – X X –
Cerastium uniﬂorum Caryophyllaceae Seeds X – – – X X –
Comastoma tenellum Gentianaceae Seeds X – – – X – –
Draba  aizoides Brassicaceae Seeds X – – – X – –
Draba  dubia Brassicaceae Seeds X – – – X – –
Draba  hoppeana Brassicaceae Seeds X – – – X – –
Epilobium ﬂeischeri Onagraceae Plumed seeds X – – – – X –
Erigeron uniﬂorus Asteraceae Fruits (single-seeded achenes
with pappus)
X – – – – X –
Gentiana orbicularis Gentianaceae Seeds X – – – X – –
Geum  reptans Rosaceae Fruits (single-seeded nutlets
with elongated hairy style)
X X – X – X –
Leontodon hispidus Asteraceae Fruits (single-seeded achenes
with pappus)
X – – – – X –
Linaria alpina Antirrhinaceae Winged seeds X X – X – – –
Minuartia gerardii Caryophyllaceae Seeds X – – – X – –
Oxyria digyna Polygonaceae Fruits (single-seeded achenes
with wings)
X X – X – X –
Poa  alpina Poaceae Fruits (single-seeded
caryopses, in part attached to
glumes)c
X X – – – X –
Potentilla aurea Rosaceae Fruits (single-seeded nutlets) X – – – X – –
Potentilla frigida Rosaceae Fruits (single-seeded nutlets) X – – – X – –
Ranunculus glacialis Ranunculaceae Fruits (single-seeded nutlets) X – – – X – –
Saxifraga aizoides Saxifragaceae Seeds X X – X – X –
Saxifraga oppositifolia Saxifragaceae Seeds X X – X – – –
Silene  acaulis subsp. exscapad Caryophyllaceae Seeds X – – – – X –
Trifolium pallescens Fabaceae Seeds X X X X – X X
Nomenclature follows Fischer et al. (2008).
a To improve readability, we use Anthyllis alpicola.
b To test the effect of scariﬁcation, fruit coat was removed and scariﬁed seeds were used.
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ac For germination experiments, all glumes were removed.
d To improve readability, we use Silene exscapa.
6–64 weeks or on moist ﬁlter paper in Petri dishes for cold-wet
torage. Cold-wet storage was applied either for 10 weeks after
 short period of cold-dry storage (CWSfresh) or for 15–20 weeks
ollowing a germination experiment with fresh seeds, using any
emaining viable seeds (CWSsubs). Details of the storage periods for
ll experiments are provided in Appendix A. The results of CWSfresh
ave already been reported to some extent by Schwienbacher and
rschbamer (2002),  but we re-analyzed these data for comparison
ith other treatments.
The effects of scariﬁcation were tested for the species of the
abaceae family with seeds without storage (FRESHsc) and follow-
ng cold-dry storage (CDSsc). Scariﬁcation was done with sandpaper
mmediately before incubation in the growth chamber using dry
eeds of Anthyllis alpicola and Trifolium pallescens.  The extent of
cariﬁcation was monitored under a reﬂected-light microscope.
he fruit coat of Anthyllis alpicola was removed, and the seeds were
cariﬁed for the germination experiments.ermination experiments
For the germination experiments, batches of 25–115 undam-
ged seeds, each with four or ﬁve replicates per species andpreconditions, were prepared. For some species, no replicates could
be assembled due to an insufﬁcient amount of seeds. Details on the
number of replicates and the number of seeds per replicate are
provided in Appendix A. We  placed each batch of seeds in a regular
grid on three layers of ﬁlter paper in Petri dishes (90 mm)  and added
5 ml  of deionized water. For the germination experiments in dark-
ness, the Petri dishes were wrapped in two  layers of aluminum foil
to exclude light. All germination experiments were performed in
growth chambers (Sanyo Growth Cabinet, Model MLR-350H) under
long-day conditions (16 h light at 25 ◦C/8 h darkness at 10 ◦C). The
maximum photosynthetically active photon ﬂux density measured
in the empty growth chamber was 180 mol  m−2 s−1, provided
by 15 ﬂuorescent tubes (OSRAM L 36W/840 Active 3350 lm).
This temperature regime and the photoperiod simulate ﬁeld con-
ditions at the beginning of the growing season and have been
proven to promote efﬁcient germination in several alpine species
(Schwienbacher and Erschbamer, 2002).
For the majority of the species and effects tested, an incubation
period of approx. one month was  chosen; however, the time in
the growth chamber was prolonged up to two  months for some
species with low germination success. Details of the starting times
and incubation periods are provided in Appendix A.
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Fig. 1. Final germination percentage (FGP) of seeds without storage under
long-day conditions for the species groups deﬁned by potential dormancy
classes (for assignments of species see Table 2). The box plots illustrate
the  median, minimum, and maximum, and the box encompasses values
from the 1st to the 3rd quartile. ND = non-dormant; PD = physiological dor-48 E. Schwienbacher et al
During incubation in the growth chamber, the samples were
onitored regularly (one to three times per week) under a
eﬂected-light microscope and 1 ml  of deionized water was  added
hen the ﬁlter paper started to dry out. Germination was deﬁned
s emergence of the radicle. To adhere to a commonly used ger-
ination criteria but to still account for the differences in seed
ize, we deﬁned the critical size of the radicle to be at least half
f the seed’s minimum dimension or a 1 mm extension. Seedlings
ere removed when counted. Petri dishes used for the germina-
ion experiments in darkness were unwrapped in a dark room and
onitoring was performed under a microscope. Illumination was
rovided by a ﬂashlight with a green ﬁlter.
eﬁned classiﬁcation of dormancy
Seed dormancy classes and levels of PD were inferred from
he results of the germination experiments with different precon-
itions, based on preliminary assignment to potential dormancy
lasses. Therefore, we developed a key according to the suggestions
ade by Baskin and Baskin (1998, 2004b).
tatistical analyses
All of the data on FGP were arcsin-transformed. The com-
arison of the FGP of FRESHLD between groups of potential
ormancy classes was done using a one-way analysis of variance
ANOVA).
For those species yielding a FGP >50% in any of the experi-
ents, the Gompertz function was ﬁtted to each set of cumulative
ermination data on time using SigmaPlot for Windows 10.0. The
ompertz function belongs to the class of sigmoidal equations and
as been applied successfully to modeling the cumulative germi-
ation and emergence of several species (Brown and Mayer, 1988).
urve-ﬁtting by non-linear regressions was processed for each
eplicate separately. Curve-ﬁtting was successful for 85% of the data
ets (each with P < 0.05 in the ANOVA; mean R2 = 0.97). The derived
arameters of the curve function for those replicates were used to
alculate the MGT, the time to 50% of the FGP. If the FGP was lower
han 9% or less than three replicates could be processed, the MGT
as omitted from the analyses and ﬁgures.
The effects of the preconditions on the FGP and the MGT  were
ompared for each species separately. Comparisons were made
etween different storage conditions (FRESHLD, CWSfresh, CDSfresh),
etween the germination of seeds without storage in darkness
nd under long-day conditions (FRESHdark, FRESHLD), and between
cariﬁed seeds and non-scariﬁed seeds (FRESHsc, FRESHLD and
DSsc, CDSfresh). For the illustration of the cumulative germina-
ion course in the ﬁgures, a regression line was calculated from
he whole set of replicates as described for the single replicates of
ach species and precondition.
Differences in FGP and MGT  between germination experiments
ith different preconditions were tested for each species using an
NOVA or t tests if the data met  the conditions for using a paramet-
ic test; otherwise, the differences were tested with Kruskal–Wallis
r Mann–Whitney tests. Groups were determined by Scheffé post
oc tests following ANOVA or by pairwise group comparisons using
ann–Whitney tests. All statistical analyses used to test for the
ffects of preconditions were performed using SPSS 15.0 for Win-
ows.
For species with a generally low germination success, only the
GP is given for each precondition tested. For this group, no sta-
istical analyses were performed as the incubation period differed
etween some preconditions and a low number of replicates con-
trained the power of statistical tests for some species.mancy; MD = morphological dormancy; MPD  = morphophysiological dormancy;
PY = physical dormancy; PY + PD = combinational dormancy.
Results
Endosperm, embryo, and seed coat characteristics, based on
literature information
About one-third of the investigated species belonged to genera
lacking an endosperm, whereas 40% had a non-starchy endosperm,
and the other quarter had a starchy endosperm, according to refer-
ence literature (Table 2). The investigated species were assigned to
eight different embryo types (Table 2). The ‘spatulate fully devel-
oped’ seed type (Baskin and Baskin, 2007) was the most abundant,
representing almost 30% of the studied species, followed by ‘periph-
eral’ and ‘bent’ types, which comprised approximately one-ﬁfth of
the species. Four species are described having ‘underdeveloped lin-
ear’ or ‘rudimentary’ embryos. Within the species belonging to the
‘fully developed linear’ embryo type, the Saxifraga species, with rel-
atively small embryos, were borderline to the underdeveloped seed
types. Other seed types were represented by only one species each
(Table 2). The two  species from the Fabaceae family presumably
have water-impermeable seed coats and were therefore classiﬁed
as PY/PY + PD. Four species with underdeveloped embryos were
assigned to the MD/MPD group, and all other species, comprising
almost 80% of the investigated species, fell into the ND/PD group
(Table 2).
Germination of seeds without storage
Nine out of the 28 species reached a FGP between 42% and 88%
for fresh seeds incubated under long-day conditions, and another
ﬁve species yielded between 10% and 40%. Half of the 28 study
species remained below 10%, with nine of those not germinating at
all.
Germination of fresh seeds without storage was not signiﬁ-
cantly different in the three potential dormancy classes due to a
high degree of variability within groups (Fig. 1). The ND/PD group
showed the largest variability in FGP, ranging from 0% to 88%.
Among the PY/PY + PD group, half of the fresh seeds germinated
(Fig. 1), whereas the FGP of fresh seeds in the MD/MPD group was
the lowest because three out of four species did not germinate at
all (Table 3).
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Table 2
Potential seed dormancy classes of the investigated species based on the reference species with a literature-based description of endosperm characteristics, embryo type,
and  potential for water impermeability of the seed coat (PWI).
Species Reference speciesa Endospermb Embryoc PWId Dormancy classese
Achillea moschata Achillea (3 sp.) Not present Spatulate fully developed No ND/PD
Anthyllis alpicola A. vulneraria Non-starchy Bent Yes PY/PY + PD
Arabis  caerulea Arabis (6 sp.) Not present Bent No ND/PD
Arenaria ciliata Arenaria (6 sp.) Conspicuouslyf Peripheral No ND/PD
Artemisia genipi Artemisia (11 sp.) Not present Spatulate fully developed No ND/PD
Campanula scheuchzeri C. americanag Non-starchy Linear underdeveloped No MD/MPD
Carex bicolor Carex (139 sp.) Starchy Capitate No ND/PD
Cerastium uniﬂorum C. uniﬂorumh Conspicuouslyf Peripheral No ND/PD
Comastoma tenellum Gentiana (8 sp.), G. pyrenaicai Non-starchy Linear underdeveloped No MD/MPD
Draba  aizoides Draba (4 sp.) Not present Bent No ND/PD
Draba  dubia Draba (4 sp.) Not present Bent No ND/PD
Draba  hoppeana Draba (4 sp.) Not present Bent No ND/PD
Epilobium ﬂeischeri Epilobium (12 sp.) Not present Spatulate fully developed No ND/PD
Erigeron uniﬂorus Erigeron (13 sp.) Not present Spatulate fully developed No ND/PD
Gentiana orbicularis Gentiana (8 sp.), G. pyrenaicai Non-starchy Linear underdeveloped No MD/MPD
Geum  reptans Geum (8 sp.) Not present Spatulate fully developed No ND/PD
Leontodon hispidus Leontodon sp. Not present Spatulate fully developed No ND/PD
Linaria alpina Linaria (3 sp.) Non-starchy Linear fully developed No ND/PD
Minuartia gerardii Arenaria (6 sp.) Conspicuouslyf Peripheral No ND/PD
Oxyria digyna O. digyna Conspicuouslyf Peripheral No ND/PD
Poa  alpina Poa (16 sp.) Starchy Lateral No ND/PD
Potentilla aurea Potentilla (23 sp.) Non-starchy Spatulate fully developed No ND/PD
Potentilla frigida Potentilla (23 sp.) Non-starchy Spatulate fully developed No ND/PD
Ranunculus glacialis R. glacialisj Non-starchy Rudimentary No MD/MPD
Saxifraga aizoides S. oppositifoliah,k Non-starchy Linear fully developed No ND/PD
Saxifraga oppositifolia S. oppositifoliah,k Non-starchy Linear fully developed No ND/PD
Silene  exscapa S. acaulis Conspicuouslyf Peripheral No ND/PD
Trifolium pallescens Trifolium (18 sp.) Non-starchy Bent Yes PY/PY + PD
ND = non-dormant; PD = physiological dormancy; MD = morphological dormancy; MPD  = morphophysiological dormancy; PY = physical dormancy; PY + PD = combinational
dormancy.
a All from Martin (1946) if not otherwise indicated.
b As in Martin (1946).
c Determined from reference species according to Baskin and Baskin (2007).
d Family comprises of species with water impermeable seed coats (Baskin et al., 2000).
e Inferred from endosperm characteristics, embryo type, and water impermeability of seed coat (Baskin and Baskin, 2004b).
f Actually perisperm.
g Baskin and Baskin (2005).
h Wagner and Tengg (1993).
i
u
g
t
o
b
f
e
A
s
g
E
s
a
s
m
5
i
t
l
wAkhalkatsi and Wagner (1997).
j Wagner et al. (2010).
k Borderline case with embryo:seed length ratio = 0.5–0.6.
The onset of germination, the MGT  and the FGP of fresh seeds
nder long-day conditions were strongly correlated in the ND/PD
roup. The 10 species with a FGP >15% started to germinate within
wo weeks (Fig. 2). The fastest germination of fresh seeds was
bserved for Silene exscapa, starting within a few days of incu-
ation and reaching half of the FGP within one week (Fig. 2). All
ast germinating species (MGT <14 days) yielded a FGP of >50%,
xcept Silene exscapa which remained slightly below that (Fig. 2).
mong the species with a FGP <15% (Table 3) only Arabis caerulea
howed a main germination peak within one week. All other species
erminated predominantly after the second week.
ffect of storage
Storage had opposing effects depending on the species. In four
pecies storage signiﬁcantly decreased the FGP, whereas storage
ccelerated germination and increased the FGP in several other
pecies, but 16 species still yielded a FGP <35% in any of the ger-
ination experiments. Among them, nine species remained below
% (Table 3).
In half of the species, including in the CDSfresh treatment, the FGP
ncreased signiﬁcantly after storage when compared to the FRESHLD
reatment (Fig. 2). The average increase in the FGP by 40% was  corre-
ated with a signiﬁcant decrease in the MGT  by approximately one
eek (range 6.8–8.5 days) in all of these species, with the exceptionof Achillea moschata.  In Epilobium ﬂeischeri only the MGT  decreased
signiﬁcantly (Fig. 2).
Time to 50% germination decreased signiﬁcantly in almost half
of the species in the CWSfresh treatment in comparison to the
FRESHLD treatment (Fig. 2). The magnitude of the decrease in MGT
of Geum reptans and Oxyria digyna was signiﬁcantly higher than
in the CDSfresh treatment. For all other species, no signiﬁcant dif-
ference in the MGT  between CWSfresh and CDSfresh treatments
was noticed (Fig. 2). Final germination in the CWSfresh treatment
increased signiﬁcantly only in the relatively slow germinating
species of the series without storage, i.e., Geum reptans, Oxyria
digyna, and Saxifraga aizoides (Fig. 2). However, the FGP of Geum rep-
tans and Oxyria digyna was  signiﬁcantly lower than in the CDSfresh
treatment.
A signiﬁcantly lower FGP was detected for four species
in the CDSfresh and the CWSfresh treatment. Final germination
dropped by almost 20% in Leontodon hispidus and more than
50% in Erigeron uniﬂorus, along with a delayed germination
onset and a higher MGT  after cold-dry storage (Fig. 2). Such an
inhibitory effect of storage was  even more pronounced in the two
Fabaceae species. Storage of any kind caused germination to nearly
cease in Trifolium pallescens (CDSfresh: FGP = 12.5 ± 4.0%; CWSfresh:
FGP = 7.8 ± 1.2%) and Anthyllis alpicola (CDSfresh: FGP = 14.0 ± 3.4%;
CWSfresh: FGP = 9.2 ± 0.4%).
For species with a low FGP in the FRESHLD treatment, the
FGP of only Arabis caerulea, Cerastium uniﬂorum,  and Potentilla
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Fig. 2. Germination course and mean germination time (MGT, vertical lines) of seeds without storage in comparison with seeds exposed to different storage conditions from
selected species of the ND/PD group. ND = non-dormant; PD = physiological dormancy; FR
();  CDSfresh = cold-dry storage (). Groups revealed by post hoc group comparison at a si
regression lines for ﬁnal germination (%) and at the top of the vertical dashed lines for MG
Table  3
Final germination percentage (FGP, mean ± s.e.) of ND/PD and MD/MPD species with
an  overall low germination success yielded in different germination experiments.
Potential dormancy classes FGP (%)
Species FRESHLD FRESHdark CWSa CDSfresh
ND/PD
Arabis caerulea 6.0 ± 2.5 – 19.0 ± 3.7 5.8 ± 0.5
Arenaria ciliata 0 ± 0 – 0 ± 0 –
Carex bicolor 0 ± 0 – 2.0 ± 1.1 0 ± 0
Cerastium uniﬂorum 14.4 ± 1.6 – 33.0 ± 12.4 17.0 ± 3.4
Draba aizoides 0 – 2 –
Draba dubia 0 – 2 –
Draba hoppeana 2 – 0 –
Linaria alpina 0 ± 0 0 ± 0 0.0 ± 0 –
Minuartia gerardii 6.1 – 8.9 –
Potentilla aurea 4.0 – 23.4 –
Potentilla frigida 0 – 1.0 –
Saxifraga oppositifolia 0 ± 0 0 ± 0 1.4 ± 0.5 –
Species FRESHLD CWSsubs
MD/MPD
Campanula scheuchzeri 22.8 ± 1.1 27.0 ± 3.1
Comastoma tenellum 0 4
Ranunculus glacialis 0 0
Gentiana orbicularis 0.4 ± 0.4 0 ± 0
FRESHLD = seeds without storage under long-day conditions; FRESHdark = seeds
without storage in darkness; CWS  = cold-wet storage; CDSfresh = cold-dry storage.
ND  = non-dormant; PD = physiological dormancy; MD = morphological dormancy;
MPD  = morphophysiological dormancy.
a CWS  refers to CWSsubs, except for L. alpina and S. oppositifolia for which CWSfresh
was  conducted.ESHLD = fresh seeds under long-day conditions (–  –); CWSfresh = cold-wet storage
gniﬁcance level of P < 0.05 are indicated with different letters at the right end of the
T, respectively. Symbols show means ± s.e.
aurea increased substantially in the CWSsubs treatment (Table 3).
However, the increase in Arabis caerulea was mainly caused by con-
tinuous, slow germination over a longer incubation period, and the
difference in Cerastium uniﬂorum was  statistically not signiﬁcant
due to very high variability between replicates.
Effect of scariﬁcation
In both Fabaceae species, Anthyllis alpicola and Trifolium
pallescens,  scariﬁcation increased signiﬁcantly the FGP and the MGT
(FRESHsc and CDSsc, Fig. 3). Scariﬁcation led to imbibition within a
few hours in almost all seeds. More than 90% of the seeds of Anthyl-
lis alpicola germinated within four days in both storage treatments,
and in Trifolium pallescens in the CDSsc treatment (Fig. 3).
Long-day conditions vs. permanent darkness
In half of the species tested, the long-day conditions yielded
a signiﬁcantly higher FGP of seeds without storage in compar-
ison to permanent darkness (Fig. 4). However, some species
showed different responses; Poa alpina germinated signiﬁcantly
better in darkness (Fig. 4A), and the FGPs of Anthyllis alpicola,  Tri-
folium pallescens and Geum reptans were not affected by darkness
(Fig. 4B).
If the FGP was high enough to calculate a MGT  in both conditions
(as was  the case for almost two-thirds of the species tested), a sig-
niﬁcant effect of light on the MGT  was  detected in all but one species
(Anthyllis alpicola, Fig. 4). Long-day conditions signiﬁcantly accel-
erated the MGT  in Geum reptans and Trifolium pallescens,  whereas
the MGT  was  signiﬁcantly delayed in Oxyria digyna and Poa alpina.
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Fig. 3. Germination course and mean germination time (MGT, vertical lines) of seeds without scariﬁcation (closed symbols) and with scariﬁcation (open symbols) from species
o ancy
s minat
m
T
f
A
i
t
(
F
–
d
Pf  the PY/PY + PD group. PY = physical dormancy; PY + PD = PY and physiological dorm
torage.  Signiﬁcant differences between both treatments are indicated for ﬁnal ger
eans ± s.e.
he differences of MGT  between the two light conditions ranged
rom 2.2 to 4.3 days (Fig. 4).
ssignment of species to dormancy class and levelMost species showed different dormancy mechanisms in vary-
ng proportions, impeding the simple classiﬁcation of dormancy
ypes. Thus, we considered all of our results and developed a key
Table 4) to reﬁne the initial classiﬁcation scheme (Table 2). Using
ig. 4. Germination course and mean germination time (MGT, vertical lines) of seeds wit
©  –). (A) Selected species for which non-dormant or physiological dormant (PD) seeds w
ormancy (PY + PD) was  assumed. Signiﬁcant differences between both light conditions
 < 0.05; ** P < 0.01; *** P < 0.001). Symbols show means ± s.e.; upper panels (circles) = seeds without storage; lower panels (triangles) = cold-dry
ion (%) and MGT  of each species (* P < 0.05, ** P < 0.01, *** P < 0.001). Symbols show
this key, we  assigned the prevailing dormancy class and level
to each species. Only two  species (Erigeron uniﬂorus, Leontodon
hispidus) were found to have predominantly ND seeds (Table 5).
The majority of species initially classiﬁed as ND/PD were found
to exhibit different levels of PD: 12 out of 20 species were
assigned to the deep level, six species to a non-deep level, and
two species to an intermediate level (Table 5). None of the species
were found to have mainly MD,  but four species were assigned
to MPD  (Table 5). Both of the Fabaceae species were classiﬁed
hout storage in darkness (FRESHdark, –  –) or under long-day conditions (FRESHLD,
ere assumed and (B) species for which physical dormancy (PY) or a combinational
 are indicated for ﬁnal germination (%) and MGT  of each species (n.s., P ≥ 0.05; *
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Table  4
Key used for the determination of prevailing seed dormancy class and level, based
on germination experiments with different preconditions following preliminary
assignment to potential classes.
Potential dormancy classes Class and level
1. ND/PD
1.1. FGP (FRESHLD) ≥ FGP(CDSfresh) and FGP (FRESHLD) ≥ FGP (CWSfresh/CWSsubs)
and MGT (FRESHLD) ≤ MGT  (CDSfresh) and MGT  (FRESHLD)
≤  MGT(CWSfresh/CWSsubs) and FGP (FRESHLD) ≥ 50%
Yes ND
No 1.2
1.2. FGP (CDSfresh) ≥ FGP(CWSfresh/CWSsubs) and MGT  (CDSfresh) ≤ MGT
(CWSfresh/CWSsubs) and FGP (CDSfresh) ≥ 50%
Yes PD, non-deep level
No 1.3
1.3 FGP (FRESHLD) ≥ 50% or FGP (CDSfresh) ≥ 50% or FGP
(CWSfresh/CWSsubs) ≥ 50%
Yes PD, intermediate level
No PD, deep level
2.  MD/MPD
2.1. FGP (FRESHLD) ≥ 50%
Yes MD
No MPD
3.  PY/PY + PD
3.1. FGP (FRESHLD) ≥ FGP(FRESHsc) and MGT  (FRESHLD) ≤ MGT  (FRESHsc)
and FGP (FRESHLD) ≥ 50%
Yes (assumption of impermeable seed
coat dismissed!)
ND
No 3.2
3.2. FGP (FRESHsc) ≥ 50%
Yes PY
No PY + PD
For unknown values of FGP or MGT  the truth-value of the functional operation
was  assumed to become TRUE, except for the comparison of FGP with 50%, where
missing values resulted in a FALSE.
FGP = ﬁnal germination percentage; MGT  = mean germination time;
ND = non-dormant; PD = physiological dormancy; MD = morphological dor-
mancy; MPD = morphophysiological dormancy; PY = physical dormancy;
PY + PD = combinational dormancy; FRESHLD = seeds without storage under long-
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Table 5
Reﬁned assignment of the 28 species to the prevailing dormancy class and level.
Species Dormancy
Class Level of PD
Achillea moschata PD Non-deep
Anthyllis alpicola PY –
Arabis caerulea PD Deep
Arenaria ciliata PD Deep
Artemisia genipi PD Non-deep
Campanula scheuchzeri MPD  –
Carex bicolor PD Deep
Cerastium uniﬂorum PD Deep
Comastoma tenellum MPD –
Draba aizoides PD Deep
Draba dubia PD Deep
Draba hoppeana PD Deep
Epilobium ﬂeischeri PD Non-deep
Erigeron uniﬂorus ND –
Gentiana orbicularis MPD  –
Geum reptans PD Intermediate
Leontodon hispidus ND –
Linaria alpina PD Deep
Minuartia gerardii PD Deep
Oxyria digyna PD Intermediate
Poa  alpina PD Non-deep
Potentilla aurea PD Deep
Potentilla frigida PD Deep
Ranunculus glacialis MPD  –
Saxifraga aizoides PD Non-deep
Saxifraga oppositifolia PD Deep
Silene exscapa PD Non-deep
Trifolium pallescens PY –ay  conditions; CWSfresh = cold-wet storage; CWSsubs = cold-wet storage subsequent
o  a germination experiment; CDSfresh = cold-dry storage; FRESHsc = scariﬁcation of
eeds without storage.
s PY (Table 5). A combinational dormancy of PY + PD was not
etected.
iscussion
on-dormancy vs. dormancy in seeds without storage
The proportion of non-dormant seeds, as well as the kind of
ormancy, may  vary within a species and year, depending on the
osition of seeds in fruits and inﬂorescences as well the environ-
ent of the mother plant during seed development (Baskin and
askin, 2004b). This variation was also observed in our study. At
east some of the fresh seeds germinated in more than half of the
pecies. However, germination of these seeds was characterized by
 relatively long lag-phase. Germination continued slowly and only
ew species exceeded a FGP of 50%. According to Baskin and Baskin
2004a), the time to completion of germination is also relevant
o dormancy status. Alvarado and Bradford (2005) showed that,
ith increasing loss of dormancy, the percentage of germination
ncreases while the time to germination decreases progressively.
ollowing this approach, we had to assume conditional dormancy
ather than ND, given that storage or scariﬁcation led to an increase
n FGP or a decrease in MGT.pecies with non-dormant seeds
Only two species showed predominantly non-dormant seeds.
he classiﬁcation of Erigeron uniﬂorus as ND seems to be robust,ND = non-dormant; PD = physiological dormancy; MPD = morphophysiological dor-
mancy; PY = physical dormancy.
with a FGP of almost 90%. However, the CDSfresh treatment induced
dormancy, resulting in a reduced FGP and a delayed MGT. Braun
(1913) reported a similar reduction in germination percentage
within three months of storage. Our results suggest, that the seeds
of Erigeron uniﬂorus may  undergo cycles from non-dormancy to
dormancy and back to non-dormancy. According to Baskin and
Baskin (1998),  only seeds with non-deep PD are known to exhibit
such dormancy cycles. Leontodon hispidus was the second species
classiﬁed as ND, although a relatively large fraction of seeds did not
germinate in the FRESHLD treatment. Contradictory to our classiﬁ-
cation, the seeds of Leontodon hispidus from lowland populations
underwent a cycle of different dormancy levels in a burial exper-
iment done by Pons (1991).  Although intraspeciﬁc variation in
germination characteristics between populations of different alti-
tudes needs to be considered (Cavieres and Arroyo, 2000; Wang et
al., 2010), we  assume that the seeds of Leontodon hispidus used in
our study were also conditionally dormant, because the tempera-
tures required to gain a full-scale level of germination success were
high (Schwienbacher et al., in prep.). Cold stratiﬁcation could lower
these requirements as reported for many other species (Baskin
and Baskin, 1998; Chambers et al., 1987; Nishitani and Masuzawa,
1996). However, the CDSfresh treatment lowered FGP in our study,
but the onset of germination and the MGT  did not differ. The lower
FGP in the CDSfresh treatment was  probably caused by divergent
seed selection. An average of 14% of the achenes turned out to be
‘empty’, i.e., embryo development was  aborted.
Species with non-deep physiological dormancy
In agreement with Baskin and Baskin (1998),  PD was  the pre-
vailing dormancy mechanism in our study. However, non-deep
PD was  less frequently observed than reported earlier (Baskin and
Baskin, 1998, 2004a,b). The presence of non-deep PD was  mainly
determined from signiﬁcant increases in FGP or decreases in MGT
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n the CDSfresh treatment. This after-ripening effect was found in
ore than half of the species, including in the CDSfresh treatment.
n accordance with ﬁndings of Wang et al. (2010),  cold tempera-
ures efﬁciently released non-deep PD; thus, warm temperatures
ere not required for after-ripening. The behavior of these
on-deep PD species was similar to results reported earlier (Achil-
ea moschata: Gallmetzer, 1995; Artemisia genipi:  Niederfriniger
chlag, 2001; Poa alpina:  Acharya, 1989; Niederfriniger Schlag,
001; Saxifraga aizoides: Meier and Holderegger, 1998; Silene exs-
apa: Weilenmann, 1981).
The reason for the lower germination success of Artemisia genipi
aused by the CWSfresh treatment remains unclear, as almost
ll seeds were proven to be viable. A large amount of variation
etween replicates was observed in Artemisia genipi in both the
DSfresh treatment and the CWSfresh treatment. Large degrees of
ithin-species variation in seed viability and germination have
een reported for many alpine species (Acharya, 1989; Giménez-
enavides et al., 2005; Schütz, 1988). They could be caused by
ffects of the maternal environment, which vary strongly in het-
rogeneous environments (Baskin and Baskin, 1998; Fenner and
hompson, 2005). Such temporal variation in germination was
nterpreted as risk spreading strategy in environments with unpre-
ictable climates (Jurado and Westoby, 1992).
Cold-dry storage resulted in a faster germination rate in Epilo-
ium ﬂeischeri compared with seeds without storage, justifying the
lassiﬁcation of this species as non-deep PD. The relatively low FGP
f Epilobium ﬂeischeri in all germination experiments was caused by
ow seed quality. Seed selection in this species was  very laborious
ue to the small size of the seeds and the attached plume; therefore,
he proportion of inferior seeds was probably higher. In addition,
eeds featuring a plume, a pappus or other kinds of appendages are
ore susceptible to infections by fungi or algae and face a higher
isk of seed die-back during incubation in the growth chamber (data
ot shown).
Although non-deep PD was found to be the prevailing dor-
ancy mechanism in Silene exscapa, a substantial part of the seeds
re assumed to exhibit intermediate levels of PD. Cold-dry stor-
ge did not accelerate germination and increased the FGP only
lightly, whereas subsequent cold-wet storage was  shown to be
ore efﬁcient but still incomplete (data not shown). In contrast,
old stratiﬁcation was not effective in a study by Niederfriniger
chlag (2001),  but the stratiﬁcation period of four weeks used there
ay  have been too short. Scariﬁcation or removal of the seed coat
as found to promote germination in many species with non-
eep PD, apparently by lowering resistance of the embryo covering
ayer to radicle penetration (Baskin and Baskin, 2004b).  This effect
as observed in the closely related Silene acaulis subsp. longiscapa
Erschbamer and Pfattner, 2002), for which scariﬁcation of seed
oat substantially increased ﬁnal germination. Excised embryos of
ilene exscapa also produced normal seedlings in our study (data
ot shown). The addition of Gibberellic acid (GA3) was  shown to
e the most successful treatment for stimulating germination in
ilene acaulis subsp. longiscapa (Erschbamer and Pfattner, 2002).
ormancy break by GA3 is typical in seeds with non-deep PD, but
t was also reported for intermediate PD (Baskin and Baskin, 1998,
004b).
pecies with intermediate physiological dormancy
Only two species (Geum reptans,  Oxyria digyna)  were assigned to
his level. Baskin and Baskin (1998) classiﬁed Oxyria digyna as ND
ased on the work of Mooney and Billings (1961),  who concluded
hat ‘there does not seem to be any appreciable after-ripening
equirement’ and that increased germination after cold stratiﬁca-
ion was of minor relevance. According to the guidelines set by
askin and Baskin (1998, 2004b), cold stratiﬁcation for one weeka 206 (2011) 845– 856 853
is probably too short and storage in a freezer may  be inappropri-
ate for after-ripening. In our study FGP, onset of germination, and
MGT, all were signiﬁcantly affected by after-ripening, supporting
the designation of a conditionally dormant status of fresh seeds.
Furthermore, the CWSfresh treatment reduced the MGT  further. A
very similar pattern was obtained for Geum reptans. The lower FGP
of both species after the CWSfresh treatment was  caused by a sub-
stantial die-back of seeds due to heavy fungal infections. Storage
under moist conditions promoted proliferation of fungi and algae
and therefore affected seed viability more than dry storage (data
not shown).
Species with deep physiological dormancy
Our germination study revealed that fully ripe seeds of more
than half of the study species with PD had no reasonable germi-
nation success even after several months of cold-dry or cold-wet
storage. The ﬁndings are in agreement with former studies cov-
ering 75% of the species we studied (Braun, 1913; Fossati, 1980;
Gallmetzer, 1995; Niederfriniger Schlag, 2001; Schütz, 1988;
Weilenmann, 1981; Zuur-Isler, 1982). Therefore, we conclude that
deep levels of PD are much more common in alpine species than
previously reported (Baskin and Baskin, 1998; Körner, 2003). How-
ever, the requirements to overcome dormancy remain unclear, as
cold stratiﬁcation alone seems to be insufﬁcient to break deep
PD, even if applied for more than four months. Probably, some
additional preconditions have to be fulﬁlled to release seeds from
dormancy, e.g., a sequence of different temperatures as reported
for other species (Baskin and Baskin, 1998).
Species with physical dormancy
In accordance with most species of the Fabaceae (Baskin and
Baskin, 1998; Baskin et al., 2000; Flüeler, 1992; Van Assche et al.,
2003), PY was  detected as the main dormancy mechanism of
Anthyllis alpicola and Trifolium pallescens.  In this family, PY typi-
cally develops during the maturation drying of the seed through a
hardening of the seed coat that impedes water uptake (Baskin et al.,
2000). Although detailed anatomical investigations of the seed coat
are lacking in our study, we conclude that the water impermeabil-
ity in Anthyllis alpicola and Trifolium pallescens was not yet fully
developed in ripe, fresh seeds, although the seeds already had a
‘hard’ seed or fruit coat. The onset of germination required almost
10 days and proceeded relatively slowly. In this state, water-uptake
seems to be delayed by the seed coat and, in case of Anthyllis alpi-
cola, additionally by the fruit coat. However, in a large fraction of
the seeds, imbibition was only delayed, not prevented. In contrast,
storage of any kind caused germination to nearly cease, indicating a
fully developed PY. Scariﬁcation was  reported to release dormancy
efﬁciently in alpine Fabaceae (Flüeler, 1992; Schütz, 1988). Con-
sistently, scariﬁcation resulted in an immediate uptake of water
by seeds, in both the FRESHsc treatment and the CDSsc treatment.
The size of imbibed seeds almost doubled within a few hours, and
they germinated within few days. Despite the higher MGT  of Tri-
folium pallescens in the FRESHsc treatment compared with the CDSsc
treatment, full germination was gained within two  weeks in both
treatments. Thus, no indication of a PY + PD class was found for
either of the Fabaceae species.
Species with morphophysiological dormancy
In agreement with the few reported cases of MD for temper-
ate/arctic zones (Baskin and Baskin, 1998, 2004b), we  found no
evidence for MD,  but we assumed MPD  for four species. The funda-
mental cause of both classes MD and MPD  is an underdeveloped
embryo, which requires that an interval of embryo maturation
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ccurs prior to germination (Baskin and Baskin, 1998, 2004b).
lthough embryo development was not directly investigated in
ur study, several observations of rudimentary or underdeveloped
mbryos in alpine species were reported. Wagner et al. (2010)
ound rudimentary embryos in ripe seeds of Ranunculus glacialis
nd suggested MPD. Our results support the assumptions of MPD
ather than MD,  as fresh seeds of Ranunculus glacialis did not
erminate within one month. However, cold stratiﬁcation was
ot effective in releasing seeds from dormancy. We  assume they
equire a temporal sequence of different environmental condi-
ions to break MPD. Such mechanisms were reported not only for
pecies of the Ranunculaceae (Baskin and Baskin, 1998; Forbis and
iggle, 2001; Vandelook et al., 2009) but also for a few species of
he Gentianaceae (Threadgill et al., 1981), and the Campanulaceae
Baskin et al., 2005). Cold stratiﬁcation was reported to increase
ermination in some species of these families (review for Gen-
ianaceae in Simpson and Webb, 1980; Campanula americana in
askin and Baskin, 1988), but GA3 was the only treatment that
romoted germination in other species of both families (Ægisdóttir
nd Thórhallsdóttir, 2006; Fossati, 1980; Gallmetzer, 1995; Schütz,
988; Zuur-Isler, 1982). Hence we assume that MPD is more com-
on  in the alpine species of these two families, as previously
eported. The MPD  class was shown to comprise the most complex
ormancy mechanisms and still needs more research to unravel
ll levels and the details of these mechanisms (Baskin and Baskin,
998).
imitations of dormancy classiﬁcation methods
The classiﬁcation of seed dormancy based on seed morphol-
gy data from published studies and certain pretreatments in
ermination experiments may  have some shortcomings. Species
ssigned to deep PD in our study could probably have a larger
roportion of seeds with intermediate and non-deep PD if addi-
ional methods had been applied. Scariﬁcation and the addition of
A3 were reported to be inefﬁcient in releasing deep PD (Baskin
nd Baskin, 1998, 2004b),  but either one or both of these treat-
ents signiﬁcantly increased the FGP in Arabis caerulea (Fossati,
980; Weilenmann, 1981), Cerastium uniﬂorum (Schütz, 1988),
inaria alpina (Gallmetzer, 1995; Schütz, 1988), Minuartia ger-
rdii (Zuur-Isler, 1982), and Potentilla aurea (Gallmetzer, 1995).
n the Saxifragaceae, we would expect MPD  to be more common
han previously known, as underdeveloped embryos are docu-
ented in several genera of this family (Baskin and Baskin, 2007;
artin, 1946). Wagner and Tengg (1993) found an embryo index
embryo:seed length) of approximately 0.5 in mature seeds of Sax-
fraga oppositifolia, a value commonly used to differentiate between
ully developed and underdeveloped embryos (Baskin and Baskin,
007). However, more detailed investigations of embryo growth
etween dispersal and prior to germination are needed to support
n assignment of MPD.
cological implications of dormancy mechanisms and
ermination requirements
Exposure of seeds to light under long-day conditions promoted
ermination in all species with PD, either in terms of germination
nset, MGT  or FGP, except in Poa alpina,  for which light delayed
ermination of seeds without storage and decreased the FGP. The
igher germination success of Poa alpina in darkness conﬁrms the
ndings of Acharya (1989),  although the differences were more
ronounced in our study. After-ripening of seeds could have low-
red the effect of light in the experiments of Acharya (1989).  In
he case of Poa alpina,  a temporary delay in germination caused by
ight could prevent the disadvantageous germination of fresh seeds
n autumn. The requirement of light for germination was  shown toa 206 (2011) 845– 856
vary with seasons (Pons, 1991) in many species with non-deep PD
that undergo dormancy cycles, or this requirement was  reduced
after cold stratiﬁcation (Chambers et al., 1987; Shimono and Kudo,
2005). We  would also expect such seasonal cycles of light responses
for alpine species, as the light environment at high altitudes in tem-
perate regions is strongly inﬂuenced by snow cover in winter and
high solar radiation in summer (Körner, 2003). Densmore (1997)
showed that the germination of arctic-alpine plants was  signif-
icantly reduced under short-day conditions in autumn, delaying
germination to spring. The light responses of seeds have con-
siderable consequences. The ability of seeds to sense their light
environment gives them a chance to have at least some control
over the timing of germination (Fenner and Thompson, 2005). Light
was found to inhibit germination in some species, whereas dark-
ness prevents germination of light-requiring buried seeds (Pons,
2000). Both mechanisms were proposed to facilitate the formation
of a persistent soil seed bank (Fenner and Thompson, 2005; Pons,
2000). However, in other species, the role of light remains unclear
or seems to be negligible. The two  Fabaceae species in our study
did not require light for germination. Species of this family tend to
germinate readily in darkness (Fenner and Thompson, 2005).
According to our results, a slow onset of germination and a
low FGP of fresh seeds seem to be common phenomena in alpine
species, but the causes of this behavior are manifold and some-
times difﬁcult to disentangle. Diverse seed dormancy mechanisms,
that were proposed by several authors for arctic and alpine species
(Baskin and Baskin, 1998; Shimono and Kudo, 2005) seem to be
the main cause of the prevention or the delay of germination in
autumn for most seeds. Dormancy was suggested to prevent ger-
mination when conditions are favorable for germination but are
preceding subsequent periods of unfavorable conditions that are
likely to cause low survival of the seedlings (Vleeshouwers et al.,
1995). In alpine species, germination in late summer or autumn
may  result in a high loss of seedlings (Shimono and Kudo, 2003),
because these youngest stages in a plants life cycle are very sensi-
tive to disturbances and stress (Leck et al., 2008). Severe frosts, often
causing cryoturbation by cycles of freezing and thawing, are com-
mon  in late autumn before an adequate snow cover provides certain
protection against harsh environmental conditions (Körner, 2003).
Although a substantial fraction of fresh seeds may be non-dormant
or only conditionally dormant, the prevailing low temperatures in
autumn, combined with short day lengths, are likely to delay and
prevent germination. Low temperatures in winter and the moist but
still cold environment during snow melt provide after-ripening and
cold stratiﬁcation conditions to break dormancy in seeds with PD
and MPD. Van Assche et al. (2003) showed that chilling followed
by a period of alternating temperatures triggered spring germi-
nation of several lowland Fabaceae species. We suggest the same
environmental cues may drive release of PY in alpine Fabaceae.
Seed responses to the seasonal changes of the light environment
do complete the complex mechanisms that trigger germination
(Densmore, 1997; Pons, 2000; Shimono and Kudo, 2005).
Our study conﬁrms the diversity of dormancy mechanisms and
germination requirements already reported (Amen, 1966; Baskin
and Baskin, 1998; Körner, 2003). It gives clear evidence that alpine
species do not feature a common ‘alpine’ dormancy mechanism.
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ppendix A.
Study species and details of the germination experiments, with
ollection time (CT: month-year), storage period (SP: weeks), start-
ng time (ST: month-year), and incubation period (IP: weeks) of
ermination experiments, number of replicates (n), and number of
eeds per replicate (seeds) for each species. All germination exper-
ments were performed under alternating temperature regimes
nd long-day conditions (16 h light at 25 ◦C/8 h darkness at 10 ◦C),
xcept for experiments in darkness in which only temperature was
aried. Seeds without storage were tested under long-day condi-
ions (FRESHLD) or in darkness (FRESHdark) within 1 week of seed
ollection. Storage of seeds: CWSfresh – cold-wet storage after a
hort period (max. 10 weeks) of cold-dry storage; CWSsubs – cold-
et storage subsequent to a germination experiment with fresh
eeds using the remaining viable seeds; CDSfresh – cold-dry stor-
ge of fresh seeds. The effect of scariﬁcation was  tested on seeds
ithout storage (FRESHsc) and following cold-dry storage (CDSsc).
Species CT SP ST IP n Seeds
Achillea moschata
FRESHSTD 10-2004 ≤1 10-2004 32 5 100
FRESHdark 10-2004 ≤1 10-2004 32 5 100
CWSfresh 09-2000 10 01-2001 33 5 100
CDSfresh 09-2007 37 06-2008 31 4 50
Anthyllis vulneraria subsp. alpicola a
FRESHSTD 09-2004 ≤1 09-2004 32 5 100
FRESHdark 09-2004 ≤1 09-2004 32 5 100
FRESHsc 08-2010 ≤1 08-2010 31 4 50
CWSfresh 09-2000 10 01-2001 33 5 100
CDSfresh 09-2006 45 07-2007 31 4 50
CDSsc 09-2006 72 01-2008 32 4 50
Arabis caerulea
FRESHSTD 08-2007 ≤1 08-2007 33 5 50
CWSsubs 08-2007 19 02-2008 62 5 45.0b
CDSfresh 09-2006 45 07-2007 31 4 50
Arenaria ciliata
FRESHSTD 09-2007 ≤1 09-2007 58 5 50
CWSsubs 09-2007 15 03-2008 60 5 49.6b
Artemisia genipi
FRESHSTD 09-2004 ≤1 09-2004 33 5 100
FRESHdark 09-2004 ≤1 09-2004 33 5 100
CWSfresh 08-2000 10 01-2001 33 5 100
CDSfresh 09-2007 37 06-2008 31 4 50
Campanula scheuchzeri
FRESHSTD 09-2007 ≤1 09-2007 58 5 50
CWSsubs 09-2007 15 03-2008 60 5 35.8b
Carex bicolor
FRESHSTD 08-2007 ≤1 08-2007 36 5 50
CWSsubs 08-2007 19 03-2008 63 5 49.0b
CDSfresh 09-2007 26 02-2008 59 5 50
Cerastium uniﬂorum
FRESHSTD 08-2007 ≤1 08-2007 33 5 50
CWSsubs 08-2007 19 02-2008 62 5 30.6b
CDSfresh 09-2006 64 12-2007 32 4 25
Comastoma tenellum
FRESHSTD 08-2009 ≤1 08-2009 29 1 50
CWSsubs 08-2009 19 02-2010 32 1 50b
Draba aizoides
FRESHSTD 08-2009 ≤1 08-2009 29 1 50
CWSsubs 08-2009 19 02-2010 32 1 49b
Draba dubia
FRESHSTD 08-2009 ≤1 08-2009 29 1 50
CWSsubs 08-2009 19 02-2010 32 1 50b
Draba hoppeana
FRESHSTD 08-2009 ≤1 08-2009 29 1 50
CWSsubs 08-2009 19 02-2010 32 1 49b
Epilobium ﬂeischeri
FRESHSTD 09-2007 ≤1 09-2007 32 5 50
CDSfresh 09-2007 37 06-2008 31 4 50
Erigeron uniﬂorus
FRESHSTD 08-2007 ≤1 08-2007 32 5 50
CDSfresh 08-2007 37 06-2008 31 4 50
Gentiana orbicularis
FRESHSTD 09-2007 ≤1 09-2007 58 5 50
CWSsubs 09-2007 15 03-2008 60 5 47.0ba 206 (2011) 845– 856 855
Species CT SP ST IP n Seeds
Geum reptans
FRESHSTD 09-2004 ≤1 09-2004 33 5 100
FRESHdark 09-2004 ≤1 09-2004 33 5 100
CWSfresh 08-2000 10 01-2001 33 5 100
CDSfresh 08-2007 42 06-2008 31 4 50
Leontodon hispidus
FRESHSTD 09-2007 ≤1 09-2007 32 5 30
CDSfresh 09-2006 45 07-2008 31 4 50
Linaria alpina
FRESHSTD 09-2004 ≤1 09-2004 33 5 100
FRESHdark 09-2004 ≤1 09-2004 33 5 100
CWSfresh 08-2000 10 01-2001 33 5 100
Minuartia gerardii
FRESHSTD 08-2007 ≤1 08-2007 33 1 115
CWSsubs 08-2007 19 03-2008 63 1 79b
Oxyria digyna
FRESHSTD 08-2004 ≤1 08-2004 33 5 100
FRESHdark 08-2004 ≤1 08-2004 33 5 100
CWSfresh 08-2000 10 01-2001 33 5 90
CDSfresh 09-2006 45 07-2007 31 4 50
Poa  alpina
FRESHSTD 09-2004 ≤1 08-2004 33 5 25
FRESHdark 09-2004 ≤1 08-2004 32 5 25
CDSfresh 09-2006 45 07-2007 31 4 50
Potentilla aurea
FRESHSTD 08-2009 ≤1 08-2009 31 1 50
CWSsubs 08-2009 20 02-2010 32 1 47b
Potentilla frigida
FRESHSTD 08-2009 ≤1 08-2009 31 2 50
CWSsubs 08-2009 20 02-2010 32 2 50b
Ranunculus glacialis
FRESHSTD 08-2009 ≤1 09-2009 29 1 50
CWSsubs 08-2009 19 02-2010 32 1 48b
Saxifraga aizoides
FRESHSTD 10-2004 ≤1 10-2004 31 5 100
FRESHdark 10-2004 ≤1 10-2004 32 5 100
CWSfresh 09-2000 10 01-2001 33 5 100
CDSfresh 10-2006 40 07-2007 31 4 50
Saxifraga oppositifolia
FRESHSTD 09-2004 ≤1 09-2004 33 5 100
FRESHdark 09-2004 ≤1 09-2004 31 5 100
CWSfresh 08-2000 10 01-2001 33 5 100
Silene acaulis subsp. exscapa
FRESHSTD 09-2007 ≤1 09-2007 32 5 50
CDSfresh 09-2006 45 07-2007 31 4 50
Trifolium pallescens a
FRESHSTD 09-2004 ≤1 09-2004 33 5 100
FRESHdark 09-2004 ≤1 09-2004 32 5 100
FRESHsc 09-2010 ≤1 09-2010 31 4 50
CWSfresh 09-2000 10 01-2001 33 5 100
CDSfresh 09-2006 42 07-2007 31 4 50
CDSsc 09-2006 79 04-2008 28 4 50
a Seeds were pinched with tweezers and soft seeds were discarded.
b Mean number of remaining viable seeds per replicate following the germination
experiment with fresh seeds.
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